OBJECTIVE -We sought to determine the absolute risk of having a congenital anomaly in relation to periconceptional GHb concentration among women with prepregnancy diabetes.
T
he offspring of women with prepregnancy diabetes are at increased risk of having a structural congenital anomaly (1) (2) (3) . It is hypothesized that hyperglycemia exerts a teratogenic effect on the developing fetus (4, 5) . There is a positive association between poor glycemic control in the periconcep-tion period and the risk of such anomalies (1,6 -10) .
Those who counsel women with prepregnancy diabetes currently lack a valid, standardized method to estimate of the risk of a fetal anomaly in relation to the periconceptional GHb concentration, a measure of glycemic control (10) . We undertook a meta-analysis to determine the absolute risk of congenital anomalies in relation to periconceptional GHb.
RESEARCH DESIGN AND METHODS

Literature search
Two investigators independently searched PubMed and Embase databases from January 1985 to May 2006. The following search expression was used: "(diabetes OR diabetes mellitus) AND (anomaly OR congenital anomaly OR malformation OR congenital malformation OR organ system OR birth defect) AND (periconception OR periconceptional OR preconception OR preconceptional OR perinatal OR first trimester) AND (glycosylated hemoglobin OR HbA 1c )". All searches were limited to English language and human studies. The bibliographic references of all articles were searched for additional papers.
The abstract of each article was read and determined for eligibility according to the following criteria: 1) a cohort study comprising at least 20 women with prepregnancy diabetes; 2) GHb levels were measured in the periconception period, defined as the period from 17 weeks before conception up to the completion of the first trimester of pregnancy (i.e., up to 16 weeks' gestation); 3) the associated number of congenital malformations was provided at each category of GHb concentration; and 4) reference values for the GHb (i.e., assay mean and SD) were provided for a nondiabetic control population. Full-text articles deemed eligible were reviewed by A.G. and J.G.R. to ensure that they met the inclusion criteria.
Data abstraction
A.G. and J.G.R. abstracted data into standardized tables. Information about the study and participant characteristics, as well as the GHb assay used, was included in Table 1 . The methods used to detect congenital anomalies were incorporated into Table 2 . We considered any major or minor structural anomaly diagnosed either antenatally or up to 28 days after conception. We only counted those pregnancies (in the numerator and denominator) that did not result in spontaneous abortion, as determined by the authors of each study.
Anomalies were further broken down according to major anatomical systems (Table 3) .
As presented in Table 4 , we standardized the reported GHb values across studies by converting values into units of SD from the nondiabetic, nonpregnant control mean value provided in each study, as follows: GHb SD ϭ (GHb % value Ϫ mean % GHb control assay value)/SD GHb control assay.
For example, if a reported GHb % value was 8%, the nondiabetic mean % control value for the assay was 6%, and the SD control value was 1%, then GHb SD ϭ 2. The mid-point GHb was used when GHb values were reported as an interval; if a lower or upper limit for GHb was provided, then that value was used.
Statistical analysis
The association between the GHb SD and the proportion (i.e., absolute risk) of major or minor anomalies was metaanalyzed using a multilevel model, a modification of our previous method (11) . Specifically, we fitted the logisticnormal model (12) , where the number of anomalies for each GHb SD category within each study follows a binomial distribution based on the number of births and proportion of anomalies (online appendix 1 [available at http://dx.doi.org/ 10.2337/dc07-0278]). A crude odds ratio (OR) and 95% CI was estimated according to each 1-unit increase in GHb SD.
Because A1C is now the most commonly used measure of GHb, we used the study data to determine the A1C values corresponding to each GHb SD. Specifically, a nonweighted mean Ϯ SD population reference value was averaged from those studies that measured A1C. The previous equation was then rewritten to derive a series of A1C values, as follows: A1C ϭ (GHb SD) ϫ (SD GHb control assay) ϩ mean % GHb control assay value.
Using the GHb SD categories derived from each study, the estimated corresponding A1C values were presented accordingly, and the absolute risk of major or minor, in association with A1C, was graphically plotted.
PROC NLMIXED in SAS (version 9.1.3) was used for all analyses. The model and SAS program codes are provided in online appendix 1.
RESULTS -A total of 45 citations were initially found in PubMed and 33 in Embase. Of the 75 full-text articles that were further examined, 7 prospective cohort studies were included in the final analysis (6 -9,13-16) ( Table 1 ). All studies originated from U.S., except for one, which was from Finland (14) . Most study participants had type 1 diabetes, but one included 20 participants with type 2 diabetes (6), together representing 1,977 pregnancies ( Table 1 ). The exact number of women who had more than one pregnancy was not known. In one study, participants were divided according to receipt of preconception care (6); since the postconception group included pregnancies up to 20 weeks' gestation, only preconception participants were included herein. Table 2 describes the various screening methods used to detect congenital anomalies in the neonates. In all studies, infants were examined at birth, with the exception of one study (15) . Other methods of identifying anomalies, such as anatomical ultrasonography or neonatal autopsy, were not performed. No study described the use of maternal serum screening or amniocentesis as screening methods but was mostly done in the era before these modalities were commonly available.
GHb values
A variety of methods were used to measure GHb (Table 1) . Four studies measured A1C (6, 8, 9, 14, 15) , and the others HbA 1 , HbA 1aϩbϩc , or "glycosylated hemoglobin." The corresponding GHb SD values are listed in Table 4 .
Congenital anomalies
There were 117 structural anomalies (5.9%) reported among 1,977 pregnancies. The majority involved the cardiac (36.8%), central nervous (20.8%), and urogenital systems (13.6%) ( Table 3 ).
The number of congenital anomalies varied by study and according to GHb SD. The overall absolute risk of malformations ranged from 1.2% (95% CI 0.03-6.5) (15) up to 16.1% (8.4 -23.8) (13) . About 850 (43%) of all pregnancies and 43 (37%) of all anomalies arose in women whose GHb SD was Յ4 SD above normal (Table 4) .
Association between GHb SD and congenital anomalies
The predicted risk and 95% CI of a major or minor congenital anomaly is presented according to the number of GHb SD above normal (Fig. 1A and online appendix 2). Thus, at a periconceptional GHb concentration 0 SD above normal (i.e., equivalent to a woman without diabetes), the absolute risk of a pregnancy affected by a congenital anomaly was ϳ2% (95% CI 0.0 -4.4), which is approximately the same as the general population (10) . However, at 2 SD above normal, the absolute risk was 3% (0.4 -6.1), while at 8 SD above normal it was ϳ10% (2.3-17.8) (Fig. 1A) . For each 1-unit increase in the GHb SD, the associated risk of any congenital malformation increased by an OR of 1.2 (95% CI 1.1-1.4).
Association between A1C and congenital anomalies A mean Ϯ SD population reference value of 5.5 Ϯ 0.7% was averaged from the four studies that measured A1C (6, 8, 9, 14, 15) . Thus, solving for the second above-listed equation: A1C ϭ (GHb SD) ϫ (0.7%) ϩ 5.5%.
For each GHb SD, the corresponding A1C concentration and estimated absolute risk of a congenital anomaly is presented in Fig. 1B and online appendix 2. CONCLUSIONS -Using data from a limited number of published cohort studies, we developed a practical tool to assist clinicians in estimating the absolute risk of a major or minor congenital anomaly in the offspring of women with prepregnancy diabetes (Fig. 1A and B) .
Limitations and strengths
We used strict criteria to select studies for our review, and, accordingly, we may have overlooked those studies whose format did not allow us to estimate the GHb SD. Our inclusion of studies spanning nearly two decades would certainly have represented various strategies and degrees of glycemic control, as well as overall diabetes care, among participants. Study enrollees may have been motivated to optimize their glycemic control compared with nonparticipants. Furthermore, relevant factors, such as maternal age, receipt of counseling before pregnancy, periconceptional folic acid use, ethnicity, and diabetes-related comorbidities, were not adjusted for in our analysis. The inclusion of only 1,977 pregnancies from seven original studies limited our ability to estimate the absolute risk of congenital anomalies with confidence, especially at higher GHb SD, as seen in Fig. 1A and B.
In this review, GHb was differentially measured across a fairly broad periconceptional period; although most were assessed in the first trimester of pregnancy, some were done before conception. The method used to screen for congenital anomalies was also not uniform across studies. Since most anomalies were detected at birth, pregnancies resulting in early spontaneous or therapeutic abortion would have been missed, as would those malformations identified after the neonatal period. A major congenital anomaly- There exists no hard and fast rule to define the impact of one type of anomaly over another, in terms of the social and psychological consequences for parents and child. Moreover, in the presence of two or three minor anomalies, 11 and 90% of infants have an associated major malformation, respectively, which is often occult in nature (17). The use of GHb as a measure of glycemic control is not without limitations. For example, it has been suggested that GHb better represents fasting glucose levels than postmeal measures (18) . Postprandial hyperglycemia is common among women with type 2 diabetes, yet, few affected participants were included herein. The assays for measuring GHb have not been universally standardized (19, 20) , which may pose a limitation with regard to between-study variability and the applicability of these data to other clinical centers. However, our use of the GHb SD attempted to minimize such variability. Second, the mean Ϯ SD population A1C reference value of 5.5 Ϯ 0.7% that we derived is similar to that described in working reports of A1C standardization (19 -21) , reflecting the nonpregnant assay control value used by most institutions. Accordingly, the data generated herein may be applicable to centers that can define the performance of their own GHb assay in relation to GHb SD (Fig. 1A) or, more specifically, A1C (Fig. 1B) .
Other research
Some high-quality studies did not meet the selection criteria and were not included herein. For example, Rosenn et al. (22) assessed GHb and the risk of spontaneous abortion and congenital anomalies among 215 individuals with type 1 diabetes. At a GHb concentration Ͼ12% (ϳ7 SD above the mean), they observed an increased risk of both adverse outcomes. Mironiuk et al. (23) found that elevated maternal A1C and the presence of diabetic angiopathy were associated with a seven times higher risk of fetal malformations compared with women with well-controlled type 1 diabetes. While authors have reported a single GHb threshold above which the risk of fetal anomalies is increased (1, 24) , this was done using an arbitrary cut point. Rather, the data presented herein suggest that this risk continuously rises in a curvilinear fashion with increasing GHb and that no pregnancy can be deemed "at risk" or "risk free." Even the presence of mild periconceptional hyperglycemia is not without some degree of risk (14) . Moreover, within a large Danish cohort of women with type 1 diabetes, first trimester A1C was strongly correlated with adverse perinatal outcomes, extending beyond structural anomalies to include early and late fetal loss and neonatal death (25) . Thus, GHb may serve as a useful indicator of the risk of not only structural malformations but also other adverse perinatal outcomes.
Implications
Several factors are clearly important in determining the risk of a congenital anomaly, such as maternal age, weight, and use of periconceptional folic acid supplements (10) . This review provides the best available data for expressing that risk, as it related to maternal glycemic control. Together, they can be used to optimize prepregnancy and early pregnancy counseling in women with diabetes.
Optimizing the GHb (i.e., A1C) concentration before conception or the period of organogenesis remains a major goal for women with prepregnancy diabetes (10, 26) . In a recent meta-analysis, preconception care (with improved glycemic control) was associated with a significantly lower risk of congenital anomalies among women with diabetes (10). This is reinforced by the current observation that an elevated GHb in the periconceptional period heightens the risk of structural anomalies, many of which involve the cardiac and central nervous systems. At the same time, nearly half of the study participants included herein had a GHb Յ4 SD of normal, where the risk curve is rather flat (Fig. 1A) . This suggests that there may be a small benefit (e.g., a 1-2% absolute risk reduction) on lowering the GHb concentration below this threshold.
Future research
Ongoing studies are needed to determine the optimal time at which GHb should be measured for the estimation of anomaly risk, as well as the additional utility of routine capillary glucose testing. Given the increasing prevalence of type 2 diabetes in pregnancy (27) , more data are needed about the use of GHb to estimate anomaly risk in this population, especially since maternal obesity may be an independent risk factor for fetal malformations (28) .
There is an ongoing international effort to standardize the measurement of A1C (19, 20) . This should facilitate the ease and accuracy of estimating anomaly risk in women with prepregnancy diabetes using the current and future data.
In conclusion, those who counsel women with prepregnancy diabetes must consider the effects of pregnancy on maternal well being, as well as the impact of diabetes, including glycemic control, on both mother and fetus (26) . Counseling that is evidence based and informed, considering preexisting measures of maternal health and glycemic control, is essential. We have developed a tool that uses periconceptional GHb SD (Fig. 1A) and A1C (Fig. 1B) to estimate the risk of a structural congenital anomaly in the offspring of women with prepregnancy diabetes.
